Abstract: Terahertz spectroscopy of Landau polaritons reveals a shift induced by the ultrastrong coupling of cyclotron-orbiting electrons with the counter-rotating component of the vacuum fluctuation field, evidencing the breakdown of the rotating wave approximation.
Introduction
A two-level system resonantly interacting with an ac magnetic or electric field constitutes the physical basis of diverse modern technology. However, the seemingly simple Schrödinger equation for this system cannot be solved exactly unless one adopts the rotating wave approximation, which neglects the counter-rotating ac field component [1] . When the ac field is sufficiently strong, this approximation fails, leading to an ac-field-intensity-dependent resonancefrequency shift known as the Bloch-Siegert (BS) shift [2, 3] .
Here, we report the vacuum Bloch-Siegert (VBS) shift, which is induced by the ultrastrong coupling of matter with the counter-rotating component of the vacuum fluctuation field in a cavity. Specifically, the cyclotron resonance (CR) of an ultrahigh-mobility two-dimensional electron gas (2DEG) couples ultrastrongly with photons in a high-Q terahertz (THz) cavity in a quantizing magnetic field. We achieved a large coupling ratio , and an ultrahigh cooperativity parameter , where is the light-matter coupling rate, is the cavity mode frequency, and is the photonic (CR) decay rate. Unlike the classical BS shift, which is typically minuscule and difficult to analyze, we observed an unambiguously large vacuum BS shift up to 40 GHz. From our theory derived from the first principles, we were able to quantitatively analyze the VBS shift and distinguished it from the other unique feature of the ultrastrong coupling regime, i.e., the photon field self-interaction effect due to the A 2 terms. Our observation represents a unique manifestation of a strong-field phenomenon without a strong field.
Sample and Experimental Methods
The sample, containing multiple modulation-doped GaAs quantum wells (QWs), was grown by molecular beam epitaxy. The total electron density was , and the electron mobility was . We removed the GaAs substrate by chemical etching and then integrated the 2.3 m-thick 2DEG membrane into a 1D terahertz photonic cavity. The cavity structure is shown in Fig. 1(a) . It consisted of five silicon wafers whose thicknesses from left to right were 50 m, 50 m, 100 m, 50 m, and 50 m, respectively. Equal spacings of 195 m were created in between. The 2DEG was placed on one surface of the central silicon layer, coinciding with the peak electric field position at the cavity resonant frequency; the green shaded curve in Fig. 1(a) shows the field distribution.
We performed transmission time-domain THz magneto-spectroscopy measurements on the cavity sample. THz pulses were generated from a zinc telluride crystal pumped by a Ti:sapphire-based regenerative amplifier (1 kHz, 0.9 mJ, 775 nm, 200 fs, Clark-MXR, Inc., CPA-2001) via optical rectification and detected by electro-optic sampling using another zinc telluride crystal. The THz wave incident onto the sample was right-hand circularly polarized (RCP) after passing through an achromatic quarter wave plate [4] . The cavity sample was mounted in a cryostat with a variable temperature range of 1.4-300 K. A magnetic field up to 10 T was applied to the sample in the Faraday geometry.
Results and Discussion
The magnetic field continuously tuned the cyclotron frequency , where is the magnetic field and is the electron effective mass. As shown in Fig. 1(b) , when is swept through the cavity mode frequency , clear anticrossing is observed. From the measured value of vacuum Rabi splitting, we theoretically estimated the coupling rate GHz. Linewidth analysis yielded GHz and GHz. Therefore, the cooperativity , which is the highest value ever reported for an intraband cavity quantum electrodynamics system. CR, due to its circular electron motion, has polarization selection rules. RCP THz radiation shows CR absorption in free space at and is thus CR-active (CRA). This resonant coupling led to the upper polariton (UP) and lower polariton (LP) branches for (blue curves in Fig. 1(b) ). However, surprisingly, in the region, where RCP THz radiation becomes CR-inactive (CRI) in free space, we still observed a clear shift (red curves in Fig. 1(b) ). Such a CRI mode frequency shift is not possible unless one considers the coupling of CR with the counter-rotating component of cavity photons. Intuitively, this corresponds to the unusual situation where a THz electric field rotating in the opposite direction to the electron cyclotron motion still strongly couples with the electrons. We identify the CRI mode shift in the region as the VBS shift. This is the first clear-cut observation of counter-rotating light-matter coupling in the absence of an intense driving ac field.
We developed a theoretical model, incorporating both the CRA and CRI modes, and unintuitive light-matter coupling terms such as the counter-rotating terms (CRTs) and the photon-field self-interaction terms (also known as the terms). The B dependence of the UP and LP frequencies calculated based on the full Hamiltonian is shown in Fig. 1(c) , showing excellent agreement with our experiment. Furthermore, we can easily switch on and off different terms in the Hamiltonian. Figure 1(d) shows the calculated B dependence of the UP and LP frequencies when only the CRTs are removed. The deviation of the experimental data from the theoretical CRI portion of the UP branch in Fig. 1(d) provides the value of the VBS shift quantitatively. The VBS shift as a function of is plotted in Fig. 1(e) , showing that the VBS shift exclusively manifests itself in the CRI branch due to counter-rotating light-matter coupling.
